Hexagonally ordered Ni nanocones and films possessing a cone geometry were produced using anodization and metal plating techniques. The conical porous anodic alumina (PAA) film was produced using a process of repeated applications of anodization and pore-widening steps, applying the two steps alternately. The structures on the PAA films were a hexagonally ordered array with an interval of 100 nm. An intended height of 100-500 nm of the conical pores were produced by tuning the fabrication conditions of the PAA film. The Ni nanocones were produced by electroless deposition onto the conical PAA film. The Ni films with a nanocone topography were produced by detaching the deposited layer. These nanostructures were produced using wet-process techniques of anodization, electroless and electrochemical deposition.
Introduction
Nano-structured metals, or semi-conductors, fabricated using a self-organizing process have attracted much attention because of various properties, e.g. optical properties, high surface area, catalytic performance, etc. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Many nanostructured materials have been reported in the literature. In particular, nanocones made of functional materials exhibiting unique optical properties, excellent field-emission performance or photoluminescence, are expected to be useful in the fabrication of flat panel displays, sensors, tips for scanning probe microscopy, etc. [17] [18] [19] [20] [21] [22] Furthermore, polymers possessing a nanocone surface geometry also exhibit anti-reflective properties. 23) Materials possessing the nanocone structure would be highly desirable in the production of new functional nano-materials. To improve productivity a mass production technique is required. The conventional surface finishing techniques of anodization, electrochemical or electroless metal plating have the advantage of providing a way of mass production and have been employed in the production of nanorods, nanodots, and nanotubes. [6] [7] [8] [24] [25] [26] [27] [28] [29] Aluminum anodization can be used to produce a nanoscaled porous structure of alumina. These pores are vertically orientated with respect to the underlying substrate. Using an appropriate anodizing solution and voltage, the pore diameter can be controlled during production (on the scale of nanometers). 30) In our previous research we found that the cell size (the distance from center-to-center of two neighboring pores) can be increased to 1 mm by using a citric acid solution at a voltage of over 400 V. 31) In general, the ordered pores cannot be produced on an aluminum surface that has not been treated. Untreated surfaces result in a random structure. Masuda et al. overcame this ordering problem by using a two-step replication process combining anodization and selected dissolution steps. 7) This process resulted in ordered concaves, becoming indents for producing ordered pores.
However, this process requires a long-period anodization step. Researchers have reported that the time for this longperiod step can be shortened by using a hard anodization technique. 32, 33) A pore structure containing a multi-step or a conical geometry has been produced using a process that combines anodization and chemical etching of the pores (pore widening). 23, 34, 35) The tapered pores have been reported to exhibit anti-reflective or wet-ability control properties. 23) We have previously reported that the aspect ratio (cone height vs. the diameter of the cone base) of the conical pores is dependent on the anodizing time; 35) by combining the ordering and structural control techniques, well-structured pores can be produced. We have also reported the production process of Ni nanocones and films with a surface topography of nanocones. 34) This production process employed the conical pores of a PAA film as a template for electroless Ni plating. The aspect ratio of the pores was specifically designed to be 1. It was shown that the Ni nanocones possess the periodic structure of the template. Since the electroless plating process is a common technique, several properties such as the structure, hardness, electric and magnetic properties can be controlled by changing the plating conditions, composition of the plating solution and by adding a heat treatment to the process. 36) Considering the improvement in selective anti-reflective films and wet-ability control, nanocones with different aspect ratios will exhibit an even greater range of desirable properties. Having control over the aspect ratio will also enable the development of a nanostructured molding technique. The high aspect ratio nanocones are desirable since the associated films will exhibit high performance for bio-sensing or magnetic applications. Electrode fabrication for bio-sensing requires a large surface area and an ordered structure. 13) For magnetic applications, Ni nanocones with a high or tunable aspect ratio would contribute to its development because of the desirable properties resulting from to the unique structure. 37) This work intends to further develop the Ni film with high aspect ratio nanocones and study nanocone topography by fabricating films with nanocone structures of different aspect ratios. Figure 1 is an illustration of the fabrication procedure of the PAA films with ordered nanocone pores. The pretreatment for obtaining the ordered concaves using the twostep replication process was the same as in our previous research. 34) Initially, electronically polished pure aluminum sheets were subjected to a long-period anodization step. Deeper pores on the PAA film also exhibit a greater ordering of the array since ordering is related to the self-organizing process of the anodization step. This film was selectively removed from the substrate in a mixed solution of 6 vol% phosphoric acid and 1.8 mass% chromic acid at 60 C: Fig. 1(A) . The fabrication process of the nano-conical pores employs repeated steps of alternating anodization and pore widening treatments. To fabricate samples with different aspect ratios of the nanocone pores, the conditions of the anodization and pore widening steps were setup as listed in Table 1 . For the lower aspect ratio cones, the fabrication process was similar to our previous reports. 34) Using the alternately repeated process, ordered pores with nanocone structures were produced: Figs. 1(B)-1(F). Comparing these fabrication steps, with the fabrication steps used to produce the higher aspect ratio cones, the cycle of the alternately repeated process was increased: Figs. 1(F) and 1(H), whereas each pore widening step was performed over a shorter time: Fig. 1(G) . The number of times each step was also increased as shown in Table 1 . Finally, nanocones of a greater height were produced: Fig. 1(I) .
Experimental
The PAA film with conical pores was employed as a template for electroless Ni plating. The Ni plating process and the process used to detach the film were also similar to our previous works.
34 ) The Pd thin layer (approximately 2-4 nm thick) was coated onto the template using an Ar spattering coater (Sputter Coater 108 Auto/10, Meiwa Corp.). This Pd layer acted as the catalytic material for Ni deposition at the electroless plating step. The specimen was dipped in a plating solution (the pH of the solution was 6) containing 30 . The all Ni layer was detached by dipping it in 30 mass% NaOH at room temperature. The morphology of the specimen was observed using a field emission scanning microscope (FE-SEM S-5000, Hitachi, Ltd.). The cross-section samples of the PAA template and the template with the deposited Ni layer were prepared by bending the aluminum until the specimen fractured to reveal the cross-section. To observe a high-resolution image, a thin platinum layer was coated on the specimen using a sputtering system. Figure 2 shows the surface morphology and fracture face. The pores are hexagonally ordered within each domain, where the array interval is 100 nm: Figs. 2(A) and 2(B) . For the industrial production process and for film quality, the domain size of the ordered array should be increased and the time of the ordering process should be decreased.
Results and Discussion
Figures 2(C), 2(D), 2(E) and 2(F) are images of the crosssections; the diameter of the cone-base was 100 nm. The lowest cone height was 100 nm, with an aspect ratio of 1: Fig. 2(C) . The ordered structure can also be observed from the cross-section. Figures 2(D) , 2(E) and 2(F) are the cones with a height of 200 nm (aspect ratio 2), 300 nm (aspect ratio 3), and 500 nm (aspect ratio 5), respectively. The order of the array was maintained even if the cone height was large, and the pores exhibit a conical geometry. The authors previously reported that a step structure was observed for cones with a high aspect ratio. 35) This problem was solved by increasing the number of cycles of the repeated process of the anodizing and pore widening steps. The aspect ratio versus anodizing time exhibits a linear trend if the number of cycles of the repeated process is fixed. 35) In this work, the cycles of the repeat process were not fixed, the time of the anodization and pore widening steps were also tuned to obtain the desired aspect ratio. Each film possessed an open nano-porous structure, particularly the films of a lower aspect ratio-an electrode used for glucose detection has attracted much attention in the field of human health problems research. This electrode requires an open and interconnected nano-porous structure, since the measured reaction is an electrochemical oxidation and absorption of glucose on the surface.
13) The conical PAA template with sputtered gold or a gold film with a nanocone topography produced using a process similar to that presented in this report, will also be applicable for glucose detection. In such cases, the high aspect ratio cones are also required, since sensor applications have a relationship with the surface area. To increase the number of reactive sites and ensure accessibility of reactants, ordered and appropriate high aspect ratio nanocones should be investigated. Figure 3 shows the micrographs of the surface and the cross-section of the specimen. It can be seen that the surface was uniformly covered with Ni: Figs. 3(A) and 3(B) . Grain coarsening of the Ni particles was not observed. Some ordered concaves were also observed, resulting from the conical pores. The cross-sections of the specimen with an aspect ratio of 1, 2, and 3, show that the conical pores are completely filled with Ni: Figs. 3(C) , 3(D) and 3(E). For cones with an aspect ratio of 5 there were some cones that were not completely filled (as highlighted by the circle on the image): Fig. 3(F) . This would result from the catalytic Pd not being introduced to the very bottom of the pores during sputtering, or the Ni covers the upper part of the pore, resulting in an interrupted deposition step. To improve the quality and produce a higher aspect ratio, further improvement of the process would be required, such as using another method of Pd introduction or Ni deposition. Figure 4 shows the production image of the Ni film. The film surface, made up of a nano-conical geometry, exhibited a dark metallic color. As the cone height increases the color of the film becomes darker. The detached film was easy to handle, since the composition of the film is Ni and trace amounts of boron, as measured using the energy-dispersive X-ray analyzer. aspect ratios. As can be seen, the cones do not bunch together, nor is any one cone touching any other. The conical structure is also more mechanically stable compared to a cylindrical structure. The shape of the cone top was not sharp but rounded, since the anodized pore generally has a rounded top, although the repeated process of anodizing and pore widening was applied. In other cases defective cones were observed on films with cones of an aspect ratio of 5 (as highlighted by the circle on the image): Fig. 5(F) . This would be caused by the incomplete filling of pores as described above. Using these films as a mold, the imprinted surface exhibits an anti-reflective, or wet-ability control properties.
Furthermore, nanocones with a predefined aspect ratio can be obtained by specific application of the fabrication process on the conical PAA template. These films could also be applicable for use of glucose detection electrodes after an Au thin layer coating, since the films exhibit an open and interconnected structure.
13)

Conclusion
Hexagonally ordered Ni nanocones and films with a nanocone topography were produced by combining the surface finishing techniques of anodization and metal plating. The interval of the ordered nanocone array was 100 nm. The aspect ratio of the Ni nanocones can be controlled in the range 1 to 5. The nano-structures of the films were produced by replication of the conical PAA templates. The aspect ratio of the conical pores of the PAA template was obtained by selectively altering the conditions of the anodization and pore widening steps, and the number of applications of each step. The Ni was introduced to the conical pores using electroless plating. A sputtered Pd layer on the template acted as the catalytic material. The surface morphologies of the Ni film observed also exhibit a hexagonally ordered array, with a 100 nm period, and an aspect ratio in the range 1 to 5. 
